Most of the current CO 2 capture technologies are associated with large energy penalties that reduce their economic viability. Efficiency has therefore become the most important issue when designing and selecting power plants with CO 2 capture.
indicator (CCI) presented here is a parameter for comparing complexity of 64 processes that provides a simple guide to the engineer on the extent of inte-65 gration. As the name suggests, this indicator is useful only when comparing 66 two processes and the absolute value of the indicator for a single process has 67 no significance by itself.
68
The main objectives of this article are: (i) To illustrate and discuss the use 69 of qualitative reliability and operability analyses in the field of CO 2 capture 70 as a first step in developing a methodology for the design of a power plant 71 with pre-combustion CO 2 capture, and (ii) to introduce a new concept, the 72 comparative complexity indicator, as a tool for choosing the level of process 73 integration and to gauge the complexity of a CO 2 capture plant.
74
The remainder of the article is divided into the following sections: Section 2 75 describes the process with functional descriptions of the building blocks. Sec- that originated in the gas turbine exhaust, as well as power generated in the 87 generator connected to the power train. In Fig. 1 the generator is incorporated 88 into the gas turbine and steam turbine blocks.
89
In addition to the functional diagram in Fig. 1 , a process flow sheet of the 90 system is shown in Fig. 2 . This representation of the system gives further 91 insight and will prove helpful in the operability analysis. 
Description of system inputs and outputs

93
The system inputs and outputs crossing the system boundary in Fig The supplied natural gas has an assumed pressure of 3.1 MPa and a temper- Table 1 .
99
Ambient air
100
The ambient air is assumed at 0.1013 MPa and 15
• C with 60% relative hu-101 midity and a total mass flow (air to gas turbine and to air compressor) of 648 102 kg/s. The air composition is given in Table 2 .
103
Exhaust
104
The exhaust originating from the gas turbine exhaust, passing through the Table 1 Natural gas composition in model. Table 2 Ambient air composition in model. The functional blocks in Fig. 1 are described below.
120
Pressure regulating valve
121
Function: To reduce the natural gas pressure from a delivery pressure of 3.1
122
MPa to approximately 1.9 MPa.
123
The pressure is set in order to match the compressed air pressure at the 124 entrance of the auto thermal reformer (ATR).
125
Desulfurizer Function: To reduce the H 2 S content in the natural gas to 2 ppmvd.
Sulfur removal is necessary to protect the catalysts in the reforming and watergas shift reactors. Because of the low sulfur content in the selected natural gas composition, 5 ppmvd H 2 S, a ZnO desulfurizer is selected. The sulfur is removed by flowing of the natural gas through a bed of ZnO granules according to the reaction
Mixer 126 Function: To mix the desulfurized natural gas with steam extracted from the 127 steam turbine.
128
The steam to carbon ratio is set to 1.5 on a molar basis.
129
Gas turbine Bonzani and Gobbo, 2007) . In addition, start-up of the GT would 154 be with natural gas fuel. It is also possible to run with a mixture of natural gas 155 and the hydrogen-rich fuel. The gas turbine exhaust stream passes through 156 the HRSG for pre-heating of the process streams and steam generation before emitted to the atmosphere through the stack.
Jones
158
Air compressor
159
Function: To provide compressed air to the ATR.
160
The external compressor is introduced in order to better utilize the operation 161 of the gas turbine. If too much air is removed prior to the combustion chamber 162 in the gas turbine, the effect on the performance and temperature profile can 163 be negative.
164
Heat recovery steam generator Function: To supply steam for the reforming process, the gas turbine, and the 183 gas separation sub-system; to generate power.
184
The steam turbine (ST) has extractions for the GT steam injection, the re-185 forming process steam, and for the reboiler in the amine absorption system.
186
Condenser 187 Function: To condense the steam.
188
After exiting the last low pressure turbine stage the steam is condensed in the 189 condenser.
190
Pump 191 Function: To pump the water up to feed water pressure.
193
Pre reformer
Function: To convert the higher hydrocarbons into hydrogen and carbon monoxide.
Adiabatic pre-reforming of hydrocarbons is described by Vannby and Winter Madsen (1992) . In the pre-reforming reactor the hydrocarbons higher than methane are converted to protect against coking in the primary reformer according to the reactions
Also, the exothermic water-gas shift reaction (4) converting the CO into CO 2 takes place in the pre-reforming reactor.
Auto thermal reformer
Function: To reform the stream from the pre-reformer into syngas.
Auto thermal reforming is described by Christensen and Primdahl (1994) ; Dybkjaer (1995) ; Christensen et al. (1998) . In the ATR the exothermic reaction (5) provide heat to the endothermic reaction (6).
As in the pre-reformer, the water-gas shift reaction (4) converts some of the
194
CO into CO 2 .
195
Syngas cooler 196
Function: To cool the syngas supplied by the ATR.
197
The syngas is cooled in the syngas cooler before entering the water-gas shift an evaporator rather than as a superheater is due to the risk of metal dusting.
202
Metal dusting is further discussed in Section 3.1.2.
203
Water gas shift reactors
204
Function: To convert CO to CO 2 .
205
The rest of the CO is converted to CO 2 according to reaction (4). Function: To cool the stream from the HTS going to the LTS.
216
HE3 is also, together with the syngas cooler, producing high-pressure satu-217 rated steam to be added to the high-pressure superheater in the HRSG.
218
Heat exchanger 4
219
Function: To pre-heat the hydrogen-rich fuel for the gas turbine.
221
Heat exchanger 5
222
Function: To cool down the gas for the gas separation process.
223
Heat exchanger 5 (HE5) is also producing some of the steam necessary for the 224 reboiler in the amine absorption process.
225
Cooler and flash tank 226 Function: To cool down the stream from HE5 and remove the water before 227 the gas separation stage.
228
Gas separation (amine absorption) ticle, but indicates that part load operation down to 60% relative gas turbine 249 load is possible. The relative load is here defined as the actual load of the GT 250 divided by the full GT load at actual ambient conditions.
251
The reliability analysis was carried out as a functional analysis followed by an
252
FMECA. The operability analysis is based on the new comparative complex-253 ity indicator (CCI). In the following sections, the reliability and operability 254 analyses are described. 
Reliability analysis 256
The first step of the reliability analysis was a detailed functional analysis that The FMECA approach that was selected for this project is illustrated in Fig. 5 .
280
In this approach, a risk, or criticality, number is assigned to each and every Table 3 Functional requirements of the system. Subscript numbering in accordance with Fig. 2 The detection scale was defined as: 1 = highly detectable, almost certain 291 detection; 2 = moderately detectable; and 3 = non-detectable.
292
The failure rate scale was defined as: 1 = failure unlikely; 2 = occasional 293 failure; and 3 = frequent failure.
294
The severity scale was defined as: 1 = no, or very small effect; 2 = plant 295 operating at part load or bypassing CO 2 capture; and 3 = plant shutdown.
296
As a basis of the analysis, it is assumed that the plant is operating at full load 297 when a failure occurs. Furthermore, potential human errors are not considered 298 in the analysis.
299
A failure mode is defined as a failure to meet a functional requirement of a 300 specific equipment. Once a failure mode has been specified, the causes and 301 effects of the failure need to be identified. Regarding failure effects, the ef-302 fects on the same equipment where the failure occurred were first analyzed.
303
Secondly, the effects on other equipment in the system were investigated, and 304 finally, the overall system effects were identified. for some classes of processes (Luyben, 1996) . If there are C components, then 
378
The restraining number is the number of streams that cannot be manipulated.
Murthy Konda et al. (2006) and Vasudevan et al. (2008) list the restraining number of commonly used units in process plants. To find the CDOF for a process, the following formula is used:
where N S is the total number of streams in the process and N R is the sum of 379 restraining numbers for all units in the process.
380
A simple utility heater or cooler has a CDOF of 2 (Murthy Konda et al., 2006) .
381
A heat exchanger implies a more complex and tightly integrated process. In Table 4 .
392
The CDOF of the Westerberg process is 10 − 4 = 6. Table 4 Restraining numbers for units in the Westerberg process.
Unit
Restraining no. 
398
The procedure for evaluating the CCI is shown by the flow diagram in Fig. 7 .
399
The first step involves decomposing the plant into functional process areas.
400
For example, in the IRCC plant the reforming section is one process area and The documentation of the analysis and of the results of the FMECA is com-414 prehensive. Therefore, only a part of the results is shown in this article. Table 5 FMECA: highest risk failure causes. Subscript numbering in accordance with Fig. 2 Provide preref gas T 6 − T 7 ≥ 40 K, Power cycle Gas turbine Generate power P rel,GT ≥ 90% P rel,GT <
60%
Other For the operability analysis, the IRCC process can be decomposed into the The CDOF of the five areas are calculated and shown in Table 6 .
434
The total "extra degrees of freedom" in the system equals 3. Thus the com-435 parative complexity indicator for the IRCC plant shown in Fig. 2 
